A high-resolution laser spectroscopy experiment performed on an atomic beam of lithium has allowed us to analyse systematically the photoexcitation spectra from the ground state in the presence of parallel electric and magnetic fields. For the strengths studied, the Stark and diamagnetic energies are small compared with the energy separation between states with different principal quantum numbers n. Complete n manifolds have been experimentally investigated and the structure of the energy spectrum has been investigated as a function of the intensity of one of the fields, the other one being kept constant. This experiment provides a confirmation for the existence of the three classes of states predicted from an analysis of the properties of the Hamiltonian of atomic hydrogen.
Introduction
The aim of this paper is to investigate in detail the fundamental physical phenomena responsible for the experimentally recorded structure of the excited n manifolds of the lithium atom in the presence of parallel electric and magnetic fields. This article is the third of the present series. The first one (Cacciani et al 1988a , hereafter referred to as I) deals with the experimental analysis of diamagnetic multiplets of odd Rydberg states of lithium. The two different behaviours observed for the states of each multiplet have provided an experimental confirmation for the existence of the two limiting approximate symmetries previously predicted for the diamagnetic Hamiltonian of atomic hydrogen. The intermanifold couplings, and the effects due to the ionic core, have been analysed carefully. The second paper (Cacciani et a1 1988b , hereafter referred to as 11) is devoted to the theoretical study of the hydrogen atom interacting with parallel electric F and magnetic B fields. The strengths of both fields are supposed to be weak enough to consider the interactions with the external fields as perturbations compared with the Coulomb interaction. The existence of the approximate constant of motion A, has been displayed; this constant infers the classification of the states into three groups with different behaviour. Furthermore, with varying field strengths, the reorganisation of the energy spectrum from the diamagnetic structure (for small F field), to the Stark structure (when F is prevailing) is carefully investigated. All these results are briefly summarised in § 2.
The structures experimentally recorded for the n, M = 0 manifold of lithium are reported and discussed in the present paper; a few of them have already been presented (Cacciani et a1 1986) : The experimental set-up which permits us to record highresolution spectra has been described in I. The atoms of an atomic beam of lithium are excited with a uv laser source in a one-step process, by absorption of a single T or (T polarised photon. A magnetic field and an electric field, both directed along the beam axis, are applied in the interaction region. The populated states are detected by means of the field ionisation technique. The electrons produced are accelerated and detected by a surface barrier diode.
In the lithium atom, the s states possess a large quantum defect (8, = 0.4), but the states with angular momentum 13 1 have a negligible quantum defect (6, = 0.053). Consequently rather significant core effects appear as soon as even-parity M = 0 components are involved in the wavefunctions of the studied states. The resulting modifications in the structure of a total diamagnetic manifold consisting simultaneously of odd and even states are analysed in § 3. The general structure of the lithium spectra obtained in the presence of weak parallel electric and magnetic fields and its evolution with changing fields confirm the existence in a given manifold of three classes of states (5 4). However, in lithium, the ionic core produces significant alterations which are especially noticeable at the crossing of states belonging to different classes or when states transform from one class into another one, with changing field strengths (0 5). The last section is devoted to the analysis of lithium n, l M l 3 1 manifolds with a presupposed nearly hydrogenic character. These recordings are obtained either by excitation with one single U polarised photon or by using a two-step excitation process ( § 6).
Main properties of a hydrogen manifold in the presence of weak parallel electric and magnetic fields
The Hamiltonian for a hydrogen atom subjected to electric and magnetic fields parallel to the Oz direction is:
In equation ( l ) , the nucleus is taken to be dimensionless, of infinite mass and the relativistic effects are completely neglected; L, denotes the Oz projection of the orbital momentum L and p the projection of the position vector r onto the plane z = 0. Atomic units are used in this paper and the magnetic y and electricf field strengths are defined by B, = 2.35 x 10' T F, = 5.14 x lo9 V cm-'.
Y = B / B c f = F / F c H,, is the Hamiltonian for unperturbed hydrogen atom; H , denotes the paramagnetic term, Hd the diamagnetic interaction and H, the coupling with the electric field. The total Hamiltonian H commutes with L,; therefore in a subspace with a given M, the paramagnetic term, which introduces only a global energy shift f yM, can be disregarded.
There exist two constants of motion M and E, the total energy, and the problem is two-dimensional and non-separable. As soon as a non-zero electric field is switched on, the total parity 7rt is no longer an exact quantum number.
The intensities of both fields are weak enough for Hd and H, to be treated as perturbations compared with Ho. Then a single n manifold with the unperturbed energy Eo( n ) can be considered separately. This 'inter-Z mixing' regime appears when the maximal value of the diamagnetic shift and the total energy extension of the linear Stark structure are smaller than the energy difference AE (n, n + 1 ) between two consecutive manifolds, i.e. if y2n7<< 1 and fn'<< 1.
Contrarily to the pure diamagnetic case ( F = 0 ) analysed in I, in the presence of parallel fields the states no longer possess a definite parity. As shown in 11, the diamagnetic plus Stark operator is equivalent to: commutes with Ho and is an approximate constant of motion. This operator A, is expressed in terms of the components of the Runge-Lenz vector
The parameter measures the relative strength of the linear Stark interaction with respect to the diamagnetic one.
For highly excited manifolds ( n >> 1 ) the energy shift arising from (Hd+ H,) can be written as
Unless the contrary is specified the remainder of this paper concerns M = 0 states. The most peculiar properties of the hydrogenic manifold obtained in 11, which are essential for understanding the experimentally observed features for the lithium atom, are summarised below.
(i) The semiclassical quantisation of the conjugate action variables 8, L,( 8 ) allows us to assign unambiguously all the states of the hydrogenic manifold to one of the three classes I, I1 or I11 ( 8 is the (B, A ) angle and L,( 8 ) the component of L in the direction perpendicular to the plane defined by B and A ) . The condition for the existence of the different classes and the range of A, depend on p. These results are recalled in table 1. 
(v) For a fixed y value and with increasing the energy spectrum evolves from pure diamagnetic structure towards a linear Stark one. In most cases evolution of the eigenstates is very gradual. However, a sudden change in the classification of the states appears when these states reach the 'barrier' or the 'quasibarrier' respectively defined by:
for O s p ~f
Nevertheless the energies of the transforming states vary continuously. Consequently the 'barrier' and the 'quasibarrier' are responsible for the reorganisation of the energy spectrum. With increasing p, class I1 states come nearer to the barrier, reflect on it aild are changed into class I states. Simultaneously class 111 states transform one by one into class I states when their A, value reaches the barrier or the quasibarrier.
Non-hydrogenic character of the lithium spectrum
In the experiment, high Rydberg states of lithium are populated ( n = 30) and the field strengths up to B = 2.5 T and F = 100 V cm-' may correspond to the 'inter-1 mixing' regime (equation (3)). Therefore only the coupling of states with the same n and M values is to be considered, independently of their total parity, and all states with /MI s Is n -1 interact. The Hamiltonian describing the lithium atom differs from that of hydrogen (equation (1)) because of the addition of a spherically symmetric term AV representing core effects; AV is connected with the quantum defects 6/ equal to:
6, = 0.4 6, = 0.053 = 0.002 6!=0 for 1 3 3 .
Relative importance of core efSects and diamagnetic interaction
In the unperturbed lithium atom, the lnlM) states with n manifold, the energy separation being equal to # 0 lie below the incomplete
For sufficiently weak B strength this state undergoes a diamagnetic shift which, to first order of non-degenerate perturbation theory, is equal to where ( p 2 ) , I M is the mean value of the p 2 operator evaluated on the basis of the unperturbed states InlM) specific to the lithium atom; AEB( nlM) counterbalances the zero-field splitting AE,(nlM) for y = y n l M . For B greater than BnlM = ynlMBc, the non-Coulombic effects for the (nlM) orbital are negligible compared with the diamagnetic interaction. For the n = 30, M = 0 multiplet, B, = 2.3 T and B, = 1.03 T. In the experimental situation B, < B < B,. Consequently all states, except the 30s one, exhibit a nearly hydrogenic behaviour. Consequently the diamagnetic structure ( F = 0) of the odd multiplets n, M, 7rt = -1 of lithium can be regarded as quasihydrogenic independently of M value as has been shown in I. Similarly in the presence of parallel B and F fields, the n, M manifolds are expected to have quasihydrogenic properties only if [MI 5 1.
On the contrary, important non-hydrogenic features should appear in the n, M = 0 manifold observed with 7r polarised light, because states of both parities are coupled as soon as a F field is switched on. The main characteristics of this non-hydrogenic behaviour proceed from the structure of odd and even diamagnetic multiplets of lithium for F=O and B,<B<B,. 3.2. Structure of a diamagnetic manifold (p = 0) in the lithium atom As discussed in I the odd diamagnetic multiplet is scarcely affected by the core effects; on the contrary the states of the even diamagnetic multiplet are shifted towards lower energy. Braun (1983) determined the diamagnetic eigenstates of alkali atoms in the weak-field limit as functions of the principal quantum number n, the quantum defects 6, and the B field strength. He showed that core effects strongly modify the structure of the diamagnetic multiplet in the lithium atom: indeed odd and even states (denoted respectively by I, and I,) alternate in the low-energy part of the multiplet while pairs of quasi-degenerate odd and even states (111, and 111, ) appear in the high-energy part. More quantitatively, for n = 30, M = 0, B = 2.33 T, the energy difference between two consecutive doublets amounts to 0.6 cm-'; while the splitting in the most excited doublet is equal to 6 x cm-I. To summarise, the different types of states introduced for a lithium atom subjected to parallel B and F fields can be classified according to those defined for hydrogen. This classification, essential for the analysis of the experimental spectra, will be extensively used below. Special attention will be paid to the p dependence of the energy range for the different classes (see table 1 ). As in I, the 'experimental' constants of motion A,, ,"(Li) will be deduced from the absolute energies of the states by using equation (8) and limiting values A, = -1 * lop, 25p2 and 5p2+4 will be drawn on experimental spectra.
The detailed structures of the experimental spectra (energy spacings between two neighbouring components and intensity distribution) are compared with the corresponding theoretical spectra, obtained by a diagonalisation calculation. The corresponding Hamiltonian includes the diamagnetic and Stark interactions; furthermore core effects are explicitly taken into account by determining the Rydberg orbitals in a central potential typical of the lithium atom (Klapisch 1971) .
The comparison between experimental and theoretical spectra leads to a good agreement as regards all visible lines and thus allows us to localise lines not detectable by experience, because of either a lack of resolution or a too low excitation rate. Experimental recordings of the n = 30, M = 0 manifold of lithium in the presence of parallel electric and magnetic fields. The magnetic field is kept constant, and the electric field increases; the ratio p of the two field strengths is defined in equation (7): ( a ) B = 2.33 T,
The upper part is only weakly perturbed by the electric field. It corresponds to states lying above the 'potential barrier' A, = 25p2 for p < f , or lying above the quasibarrier A, = -1 + lop for f < p < 1. It consists in quasi-degenerate doublets of class I11 states typical of the lithium atom; with increasing p the energy spacing and the intensity distribution do not change. The additional lines and the modifications in intensity, observed on the high-energy side for the highest p values are ascribed to anticrossing effects with states belonging to the n = 3 1 multiplet. These phenomena characteristic of non-hydrogenic systems in the inter-n mixing regime will be discussed elsewhere (Cacciani et al 1988~) .
The low-energy range undergoes large and complex modifications with increasing the 30p state; it sits apart from the incomplete multiplet consisting of 29 nearly equidistant lines with a regular intensity distribution. As E increases, as soon as 1/p becomes greater than 1, class I11 appears in the high-energy part: the components shrink near the quasibarrier and for higher energies they group together constituting the doublets of the class I11 states that are typical of the diamagnetic spectrum of lithium; the energy of these doublets increases rapidly, approximately quadratically, with E. In the low-energy part a new type of structure appears; this organisation becomes especially evident as soon as the perturbed 30s state is inserted in the manifold, its diamagnetic shift becoming predominant compared with its non-Coulombic shift. This new arrangement is identical to that observed in the low-energy part of the odd diamagnetic manifold of lithium (I) (the intensity and the spacing of the lines decrease with increasing energy). For 1/p > 5 the three types of states exist and in the intermediate-energy range states belonging to classes I and I1 are simultaneously present.
Figures 1 and 2 clearly demonstrate that the experimental spectra recorded for the lithium atom in the presence of parallel F and B fields can be interpreted in terms of the three classes of states, describing the hydrogen spectrum in the weak-field limit. This classification remains valid in spite of the large 8, value and of n-mixing effects that become significant for highest field strengths.
Evolution of the structure of the lithium manifold with increasing Fund Bjelds ( F / B )
4.2.1. B = constant, F increasing. The evolution with increasing F of the structure of the n =30, M = O manifold is drawn in figures 3(a) and 3 ( b ) that are respectively focused on the p < $ and p > $ domains. Experimental energies as well as theoretical ones calculated from the diagonalisation are reported. Only the n = 30 states are represented, the neighbouring manifolds being disregarded. These figures are to be compared with the corresponding ones (figures 6 ( a ) and 6 ( b ) in 11) calculated for hydrogen in the weak-field limit from the semiclassical quantisation method. A similar global behaviour is observed for both atoms especially with regard to the existence conditions and to the energy extension for the different classes. Nevertheless significant differences due to core effects in lithium are evident, namely large anticrossings when classes I and I1 exist simultaneously, and quasi-degeneracy of class I11 states. However as F increases, the non-hydrogenic character progressively disappears, the Stark interaction becoming predominant. The state coming from 30s joins the multiplet and the mutually coupled states belonging to the classes (I+ 11) gradually transform into class I states at the crossing of the barrier (equation lO(a)), afterwards acquiring a nearly hydrogenic behaviour ( figure 3( a ) ) . Similarly the quasi-degeneracy in class 111, that typically proceeds from core effects, is removed for p > $, as soon as these states reach the quasibarrier (equation (106)) and transform into class I states ( figure 3 ( b ) ) . For higher F values new effects associated with the coupling between neighbouring manifolds appear (Cacciani et a1 1988~) . 
F=constant, B increasing.
The evolution with increasing B of the structure of the n = 30, M = 0 lithium Stark manifold is shown in figure 4 ; it is to be compared with the corresponding one (figure 7 in 11) calculated for hydrogen in the low-field limit, using the semiclassical quantisation method. The main features are similar in both diagrams. The energy extension of classes, defined for hydrogen, can suitably be used for classifying the states of lithium, except for the component arising from the 30s state that penetrates the multiplet only for sufficiently high B strengths. Significant differences arising from the non-hydrogenic character of lithium are nevertheless observed. They mainly concern, as B increases, the formation of doublets in class I11 and the existence of anticrossings between class I and 11 states. These phenomena are analysed in the next section.
Manifestations of core effects
The non-Coulombic effects induced by the presence of the ionic core in lithium do not modify the comprehensive study of the spectra: the classification of the states remains valid and generally only a global shift in energy is observed. Nevertheless these core effects are especially manifest in the (Ap, P ) domain where states belonging to classes I and I1 exist simultaneously and when, with varying field strengths, states transform from one class into another one. Detailed attention has been paid to these particular phenomena; they have been carefully analysed in the present experiment by tuning very slowly one of the fields. Furthermore, in the diamagnetic structure ( p = 0), states with opposite parity-denoted by I, and I, ( 0 3.2)-alternate in the low-energy part of the structure; therefore they have a zero electric dipole moment and undergo a quadratic Stark effect when an additional F field is applied ( F 11 B ) .
To analyse the non-hydrogenic properties of the (I + 11) states of lithium, the structure of the n = 30, M = 0, B = 2.33 T manifold has been recorded for several values of the F field (the successive spectra correspond to a tiny increase in the F strength and satisfy p < 0.123). The experimental results are presented in figure 5(a) .
In these spectra, the states of class I11 lying above the 'potential barrier' are scarcely perturbed when p increases. In the lowest energy part, the linear Stark structure becomes observable for p 2 0.05. For smaller p values, the lower states change rather irregularly: new components appear and the intensity distribution varies rapidly. To analyse these phenomena in more detail, theoretical spectra corresponding to a still more tiny increase of F have been calculated; only the low-energy part is presented in figure 5 class I or 11, which leads to the appearance of collective interference effects in the intensity of the lines: this phenomenon is readily displayed, when the evolution of a chosen state is examined; as an example the third odd state-denoted by dots-is followed on figure 5(b) .
With increasing p, its energy remains constant, but its intensity first decreases, and vanishes at PI = 0.0148; then it increases again, reaches a maximum value at p2 = 0.0247 and decreases once more. Total destructive interference effects are observed for all class I states at /3 = PI and for all class I1 states at p = p2. These destructive interference effects for the states of one class are to be associated to completely constructive interference effects in the intensities of the lines for the other class. These and p2
values corresponding to completely constructive or destructive interference effects in the excitation spectra of lithium are equal to the p K values ( K = 1 and 2) associated with the appearance of crossings by pairs for the states belonging to classes 1 and I1 in hydrogen.
Supposing that all these crossings can be considered independently, it is possible to evaluate the anticrossing width 2 W induced by the core effects. In hydrogen the states of classes I and I1 are approximately parabolic states. For M = 0, all the parabolic wavefunctions, expanded on a spherical basis, include an s component ( I = 0) with the same amplitude a, = l/h. In lithium, when the core effects are restricted to the s states, they are represented by AV= 6,/n3 and the coupling between all pairs of parabolic states amounts to W = A Vaf = 6,/n4 = 4.9 x lo-' au. This strength is to be compared with the energy spacing A between adjacent states belonging to class I or 11, evaluated to A = y 2 n 3 3 / 4 = 1.5 x au (see 11, 5 3.5.2); the quantity A also corresponds to the energy spacing between two adjacent anticrossings occurring at the same PK value. In the experimental situation, the anticrossing width 2 W being larger than half the energy spacing A, it is impossible to analyse one anticrossing independently of the other ones: all the pairs of hydrogenic crossing states (I + 11) interact with each other, which corresponds to a collective phenomenon. Owing to these collective couplings, the energies of the states are nearly p independent, although the excitation rates regularly oscillate with increasing p.
These collective interference effects observed in the line intensity in the lithium spectrum provide an experimental signature for the existence in hydrogen of two classes of states-denoted by I and 11-with a positive or negative electric dipole moment and mutually undergoing a crossing at the same P K value.
Barrier efects for p = 3
In the hydrogen atom for p <$, a redistribution of states among the three classes is observed at A, = 25p2, i.e. along the barrier (equation ( l o a ) ) . These transformations have been analysed by Braun and Solov'ev (1984) who studied the evolution of the diamagnetic manifold ( B = constant), when the electric field increases. A similar reorganisation of the structure also occurs when a Stark multiplet ( F = constant) is perturbed by an increasing magnetic field. A detailed analysis of the evolution of the structure of the hydrogenic multiplet when B increases, with F kept constant, is reported in figure 6 ; it concerns the n = 30, M = 0 manifold. Special attention is paid (1 + A,)/p that are directly proportional to the energy shifts E , (equation (8) (10)). This quasibarrier corresponds, in the (A,, p ) diagram, to the locus of the states for which the diamagnetic interaction and the Stark one are of equal importance. Indeed, above the quasibarrier, the diamagnetic interaction prevails for the states which possess a rotational symmetry (Pinard et a1 1987) ; on the contrary, below this quasibarrier the properties of the states with a librational symmetry are predominantly governed by the Stark interaction. This balance results in the slow variation of the energies with chgnging fields. When one field is kept constant while the other one increases, the energy of the states presents an inflection point located at the quasibarrier:
(a'Ey~/af')y=,,n,,,,t = 0 (a2Ey~/a(y')*)f=c.nstant = 0 as can be observed in figure 6. This transmission through the 'quasibarrier' is associated with particular properties in the wavefunction of the state: maximal values for its ( p ' ) and ( z ) extensions are simultaneously attained (Braun and Solov'ev 1984) .
For 1/p > 5, when the successive class I states reach the barrier A, = 25p2 (equation (lo)), they alternatively transform either into a class I11 state or into a class I1 state respectively by transmission through, or by reflection on the barrier. Afterwards the 'reflected' class I1 state crosses the not yet modified class I states, and its A, remains always greater than -l+lOp. In figure 6 , all class I states labelled with an odd (respectively even) number change into class I11 (class 11) states. This clearly demonstrates that the barrier induces a drastic change in the properties of states. This barrier is a generalisation of the A = 0 singularity occurring in the pure diamagnetic problem ( p = 0). Chaos has been shown to occur first in the vicinity of this separatrix that is associated with the crossover between limiting symmetries (Delande and Gay 1986).
In the lithium atom, core effects induce large anticrossings in this energy range, resulting in a completely different reorganisation of the spectrum with increasing B. Furthermore, in lithium, there exists only a single non-negligible quantum defect 6,; accordingly the class I11 consists in doublets of quasi-degenerate states ( § 3.2). To study this particular restructuring of the states for 1 / p = 5 and near the 'potential barrier', 16 spectra have been recorded (figure 7 ) . They put into evidence the drastic change in the spectrum associated with the n = 30, M = 0, F = 38.8 V cm-' manifold, when the B field varies from B = 2.33 T (1/p = 4.90) to B = 3.46 T (1/p = 10.7).
To analyse more thoroughly these experimental recordings, the corresponding theoretical spectra have been calculated from the diagonalisation method. This allows one to determine all the states present in the vicinity of the potential barrier, and to calculate the corresponding oscillator strengths. These diagrams, drawn in figure 8, report the variations in energy and intensity of the lines as 1 / p increases. The states are followed adiabatically; they are numbered in order of decreasing energy. The constituent doublets are also numbered. Several anticrossings are manifest; they correspond to a rapid exchange between the intensities of the two components involved. The formation of the 9th and the 10th pairs of class I11 states is observable, when the corresponding states cross the barrier for 1 / p = 5 and 8. In lithium large anticrossings take place during this transformation. As a consequence the 10th pair is built from the states 19 and 20, but not from the 19 and 21 ones as one would predict from the hydrogen spectrum (figure 6). For 1/p > 9, all the 10 doublets of class I11 states which exist in the diamagnetic structure (1/p = 00) of the n = 30 manifold of lithium are This detailed analysis emphasises the predominant role played by the barrier for p <4 in the restructuring of the spectra when the field strengths are changing, even for a non-hydrogenic spectrum.
Formation of doublets of class 111, along the quasibarrier for f < p < I
In the hydrogen spectrum, for 4 < p < 1 only classes I and I11 exist (table 1) corresponding to states whose A, values are respectively smaller or greater than ( -l + lop) (equation (10)). If F is kept constant, as 1/p increases, the states transform one after the other from group I towards group 111 (see 11, figure 7 ) . In the lithium atom, a similar change appears in the same range of p and A,. However, in this spectrum class I11 consists in typical doublets; then two successive states of class I will progressively transform into a doublet of class I11 at the passing over of the quasibarrier.
This phenomenon, typical of lithium, has been experimentally analysed by recording the spectra corresponding to the excitation of the n = 30, M = 0 manifold in the presence of the fixed electric field F = 40 V cm-' and by increasing step by step the magnetic field. The results are presented in figure 9 . Only a few lines arising in the immediate vicinity of the quasibarrier are reported; the quasibarrier corresponds to the horizontal bold line. The energies of the states deduced from a diagonalisation calculation are also reported; as 1/p increases, the states are connected adiabatically through the light lines.
This calculation puts into evidence the regrouping of states into pairs above the quasibarrier; it allows one to discern in the experimental structures the lines arising either from a single state or from nearly degenerate pairs of states. The doublets built are numbered in order of decreasing energy.
In the immediate vicinity of the quasibarrier, nearly equally spaced states belonging to class I and populated with a comparable excitation rate regroup themselves into doublets of class I11 states as 1 / p increases. This transformation is manifest at 1 / p equal to 4.29 or 5.08 where the 7th and 8th pairs appear. As soon as the doublet is erected one of its components picks up the whole intensity and the other line extinguishes. Indeed for large 1 / p value the parity becomes an almost exact quantum number, the diamagnetic interaction being predominant, and only the odd parity states are populated through the excitation process.
This analysis emphasises that the non-Coulombic contribution A V to the total Hamiltonian affects the states of the structure differently depending on their symmetry. Two completely different symmetries coexist in the multiplet: the rotational symmetry characterises the highly excited states for not too high a B strength ( p < 1); meanwhile a librational one, typical of the Stark effect, appears in the low-energy part. The states with the Stark symmetry do not have a defined parity and more particularly the s character is uniformly shared among all the components of the M = 0 Stark multiplet: I l P as a result the perturbation A V acts similarly on each of the states, which preserves the global structure. On the other hand, the states with the rotational diamagnetic symmetry alternate and possess a well defined parity. Consequently core effects act only on one out of the two states modifying completely the hydrogenic structure. Therefore core effects may be used to prove the symmetry properties of a group of states and the present experiment exhibits how remarkably fast the symmetry of a state changes when it crosses the barrier or the quasibarrier, giving to this particular line a singularity character similar to the A = 0 point at p = 0, even for relatively high electric field ( p s 1).
Spectra of the lithium atom in more hydrogenic situations
This section is devoted to the presentation and the discussion of experimental spectra obtained for the lithium atom in situations presupposed to be more hydrogenic than that studied in § 5. Indeed, the populated states possess a non-zero M value, connected to angular momenta 12 1 with almost negligible quantum defects. The first part concerns the 1 MI = 1 spectra obtained by using U polarised light in a one-step excitation process. The second part deals with the high-resolution experiment performed with a two-step excitation process.
Structure of the /MI= 1 manifold of lithium
Using U polarised light, a one-step excitation process allows one to populate states with IM( = 1. A series of experimental recordings corresponding to the excitation of the n = 30, M = k l manifolds of lithium in the presence of a fixed magnetic field and of an increasing electric field parallel to the B field is reported in figure 10 .
Owing to the paramagnetic interaction Hp (equation (1)) and M being an exact quantum number, each experimental spectrum consists in the superposition of two identical spectra characterised respectively by M = -1 and M = +1, shifted in energy by the quantity y, expressed in atomic units. For a vanishing electric field, the oscillator strength distribution among the different components of the pure diamagnetic structure is such that only the more excited components are observed. In hydrogen, the more excited state K = 1 in the diamagnetic IMl = 1 manifold is an odd one, T,= (-l)M, with a very large weight for the p component a',( K = 1) = 0.5, as is evident from figure 19(d) of I or from table 4 of Grozdanov and Taylor (1986) . The p character of the other odd states decreases rapidly with decreasing energy; for the second odd state, K = 3, this weight reduces to U',( K = 3) 0.2. The lowest states of the odd /MI = +1 diamagnetic manifold have negligible p components in their wavefunctions a', < 1 YO.
As a result, in the one-step excitation of the IMI = 1 manifold of lithium, the line corresponding to the K = 1 state is the more intense, and this state has a significant non-hydrogenic character, as has been observed in the detailed analysis of the energy of the components of this multiplet ( figure 20 in I) . With respect to the hydrogen spectrum, the K = 1 state of the 1 MI = 1 diamagnetic manifold of lithium is shifted towards the lower energy by an amount of 8,
which is to be compared with the energy spacing between the K = 1 and K = 3 neighbouring components with odd parity, equal to first order to (see equation (40) in 11)
The non-hydrogenic shift of the most excited odd state amounts to approximately half the energy spacing between the two highest odd states. For the other states of the diamagnetic manifold the energy shift due to core effects decreases very rapidly with increasing K, becoming completely negligible in the low-energy part of the structure.
Regarding the even states of the diamagnetic /MI = 1 manifold of lithium, the quantum defects are insignificant ( Sd = 0.002), and the structure is strictly identical to that of hydrogen. In consequence pairs of states with an opposite parity appear in the lower part (A < 0) of the n = 30, /MI = 1 diamagnetic manifold; meanwhile states with a different parity alternate in the upper part (A > 0); however, core effects for p states not being completely negligible, the more excited states are not equally spaced.
When an electric field parallel to the magnetic field is added, all components of the manifold interact, and the total parity is no longer an exact quantum number.
With increasing F, numerous lines with a small intensity appear in the low-energy part, but because of their low excitation rates and of the superposition of the two M = *l spectra it is not possible to observe the expected linear Stark structure. The high-energy part is weakly perturbed by the electric field, in agreement with the quadratic Stark effect. For a sufficiently high field strength ( F = 75 V cm-'), lines with a weak intensity appear between two neighbouring intense lines; these new structures come from the even components of the pure diamagnetic structure at p = 0. For larger Lithium atom in the presence of parallel electric and magnetic fields 3541 F values, components belonging to the immediate manifolds ( n = 29 or 31) become observable.
The rather complicated spectra recorded by using U polarised exciting light can be more thoroughly interpreted by confrontation with the theoretical spectra deduced from a diagonalisation calculation, explicitly introducing the slight departure from the exact hydrogenic character and partly the n-mixing effects. Figure 11 compares the experimental and theoretical spectra obtained for B = 2.33 T and F = 50 V cm-'. A detailed analysis allows one to identify the very weak components. For the corresponding p value ( p = 0.26) only two classes of states exist; their energy extensions calculated for M = 0 hydrogenic states are reported. Only class I states with a weak excitation rate arise in the low-energy part; the states corresponding to the same M value are nearly equally spaced in agreement with the predominant linear Stark effect. In the high-energy part, the spectrum consists in 12 states belonging to class I11 and coming from the odd and even states of the pure diamagnetic multiplet. 
Two-step excitation spectra
A two-step excitation experiment allows the final states with M = 1 or 2 to be populated in the lithium atom ( I ) . The first step, which is U polarised, is locked on a transition corresponding to the excitation of the 2p M = +1 Paschen-Back state. In the second step, U or T polarised light is used. The high-resolution technique developed in this experiment allows us to investigate highly excited states ( n -42) by using a low magnetic field strength B = 0.594 T. polarisations, two spectra associated respectively with M = 0 and M = +2 are superimposed. The excitation process used gives information about the weight of s and d components in the wavefunctions of the populated states. However the (2plrlnd) electric dipole transition integral being larger than the (2plrl ns) one, the more intense lines arise mainly from the d component and the predominant features correspond to the n = 43, M = +2 manifold, which has a nearly hydrogenic character. For the studied /3 value, only the classes I and I11 exist; the energy extensions calculated from the formula deduced for M = 0 states (table 1) are reported in the figure. In the low-energy part of the spectrum, nearly equally spaced components appear; their intensity distribution-with a minimum in its middle-is typical of the linear Stark effect. In the vicinity of the quasibarrier, for M = 2 states, the structure is more complicated: this arises partly from the reorganisation of the M = 2 states by transmission through the quasibarrier and partly from the excitation of lines belonging to the M = 0 manifold. With respect to the M = +2 multiplet, the M = 0 one is shifted toward low energies by the quantity hw, = 0.56 cm-'. The high-energy part is weakly modified when the electric field is added. Nevertheless, new components with very weak intensity appear between each pair of intense lines: they correspond to the states coming from the odd M = +2 diamagnetic multiplet for /3 = 0. Due to the wavefunction localisation in the immediate vicinity of the z = 0 plane, the parity mixing induced by the electric field is rather low.
However this experiment provides a confirmation for the existence, in the upper part of the diamagnetic manifold of hydrogen, of nearly equally spaced states with opposite parity. Figure 13 presents the two-step U -7~ spectra corresponding to the excitation of the n = 42, M = +1 manifold, in the presence of a magnetic field B = 0.594 T and of an electric field equal to either 5.34 V cm-' or to 8.01 V cm-I; the structure observed in the absence of the electric field is also reported. For the two studied values of the electric field, the p values are equal to 0.207 and 0.328 respectively. The limits in energy extension for the classes I and I11 calculated for A4 = 0 states are reported.
The two classes I and 111 possess very different structures, with completely dissimilar energy spacing or intensity distribution. The class I consists in nearly equidistant lines, with a maximal intensity in the middle part; this structure corresponds to the linear Stark effect. In the upper part, additional lines appear, which originate from the odd M = +1 states belonging to the diamagnetic multiplet. The class I11 is made of two series of lines with a different excitation rate. Just above the quasibarrier A, = -1 + lop, these new structures appear just midway between the two neighbouring intense lines; this agrees with the quasi-hydrogenic character of the spectrum in the studied range, as discussed above. For higher energy values, the components reorganise to form 'doublets'. More surprisingly the highest line is the more intense one, which is not consistent with the fact that, in hydrogen, the highest state of the multiplet is issued from a state with total parity T , = (-l)M = -1. This particular behaviour is typical of the non-hydrogenic character of the more excited states of the lMl= 1 multiplet in lithium. Indeed, due to the core effects, the more intense line is shifted toward lower energy by the quantity -0.069 cm- ' (equation (13) ) that is comparable to the energy spacing 0.064 cm-' between the highest odd ( K = 1) and even ( K = 2) components of the n =42, lMI = 1 diamagnetic multiplet (equation (14)). Then for not a too high electric field strength, in the highest 'doublet', the highest component is connected for p = 0 to an even parity state. Regarding the other 'doublets', the non-hydrogenic character of the odd states, proportional to a i ( K ) , decreasing very rapidly with K, the highest component corresponds to an odd parity state. Besides the change in energy spacing in the most excited part of the diamagnetic multiplet, core effects induce modifications in the intensity of lines due to interference effects between the components of the doublets, the excitation of the components issued from odd states is amplified, as can be seen by comparing figures 12(b) and 13(c).
In conclusion, the use of the two-step U-T excitation process allows in the upper part of the manifold components arising from odd states for p = 0 to be populated.
However the parity mixing related to the presence of the electric field is enlarged because of core effects.
Conclusion
The structure of complete manifolds of the lithium atom excited in a one-step process in the presence of weak parallel electric and magnetic fields has been systematically investigated. The principal qualities of the developed experimental set-up proceed from the high resolution and from the rigorous definition of the geometry of the system (respective directions of the atomic beam, of the fields and of the polarisation of the exciting light). The relative intensity of both fields-measured by the p parameter-has been varied within the two limits corresponding either to pure diamagnetic effect ( p = 0) or to Stark interaction ( p = co).
The global properties of the M = 0 spectra recorded for the lithium atom and their evolution with changing field strengths are interpreted through the existence of three classes of states in the multiplet of hydrogen in the presence of weak parallel electric and magnetic fields. The present experiment confirms the theory developed for hydrogen, especially the condition for existence and energy extension of the classes as functions of the field strengths. Furthermore the characteristic features typical of hydrogen in the low-field limit remain valid in the present experimental conditions that correspond to the lithium atom with a single large quantum defect 6, and to field strengths far above the weak-field limit.
In the lithium atom, the ionic core induces significant alterations in the M = 0 spectra. These modifications are especially important when the corresponding hydrogenic states cross or lie in the immediate vicinity of the barrier or the quasibarrier. They are carefully analysed through a tiny step-by-step changing of the field strengths and thanks to a comparison with the theoretical spectra obtained from diagonalisation calculations.
In the lithium atom, the observation of large anticrossings, manifested through collective interference effects, exhibits the existence of two types of mutually interacting vibrational states in the ( A p , p ) domain, A, <25p2, p <:.
The reorganisation of the energy spectrum, when one field increases with the other one kept constant, is thoroughly investigated. In this restructuring the predominant Lithium atom in the presence of parallel electric and magnetic jelds 3545 part taken by the potential barrier and a slightly lesser by the quasibarrier is emphasised. Furthermore, alterations typical of the non-hydrogenic character of the studied M = 0 states have been pointed out. In particular they are manifested through the existence, in the upper part of the manifold, of pairs of nearly degenerate states. This doublet structure appears when the diamagnetic interaction prevails over the Stark one; in such a condition the two states of the pair possess a well defined but opposite parity. However, doublets appear exclusively for magnetic fields satisfying B < B,,, i.e. if the non-hydrogenic character of the s states predominates over the diamagnetic interaction. With increasing B field, the formation of M = 0 pairs, in the immediate vicinity of the barrier or of the quasibarrier, has been demonstrated thanks to a very tiny step-by-step changing of the field strengths, and to a detailed confrontation of experimental and theoretical spectra. Nevertheless, due to the lack of resolution and to the disparity in the intensities of the two lines, this pair structure has never been observed directly within an isolated multiplet subjected to parallel electric and magnetic fields. However, the existence of doublets has been undoubtedly confirmed in an additional experiment using higher B strengths, as reported in a forthcoming paper (Cacciani et a1 1988~) : indeed the anticrossing effects involving the most excited doublet in a diamagnetic multiplet and the lowest state of the next higher manifold are sufficient to remove the degeneracy.
Lastly this series of thrce papers provides a thorough investigation of Rydberg states of the atom in the presence of parallel electric and magnetic fields in a situation corresponding to the 'inter-1 mixing' regime. The salient features typical of the hydrogen atom have been theoretically analysed in a semiclassical approach studying the secular variations of the A vector and quantising the action variables calculated from first-order classical perturbation theory. The deduced classification scheme for the eigenstates has been experimentally confirmed in the case of the lithium atom; non-hydrogenic character has been observed and interpreted.
